The nonsequential double ionization of four unsaturated organic molecules, C 5 NH 5 , C 3 H 6 , C 2 H 4 , and C 2 H 2 interacting with strong Ti: Sapphire laser pulses are reported. Despite differences in the molecular geometry, the degree of ionization suppression and the fraction of molecules that undergo non-sequential double ionization were similar for all of these molecules.
Introduction
In recent years, some studies on the occurrence of nonsequential double ionization in hydrocarbons have been reported. Kosmidis et al. [1] attributed the observation of doubly charged ions in the case of aromatic molecules like Pyridine to the sequential channel. Obviously, their ions versus peak laser intensity plots have not been prepared over a sufficiently large dynamic range to concretely rule out the possibility of nonsequential double ionization. Cornaggia and Hering [2] have studied the laser induced ionization of four molecules N 2 , CO 2 , C 2 H 2 , and C 3 H 4 in great detail, and presented unambiguous evidences of the occurrence of nonsequential double ionization. For example, they observed that the ratio [C 2 H , at laser intensities below the saturation intensity of singly charged ion, is a slowly increasing function of intensity when linearly polarized pulses are employed, while the same ratio steeply drops by lowering intensity for circularly polarized pulses. This implies a huge enhancement in the rate of doubly charged ion production at lower intensities. According to the arguments put forward by Talebpour et al. in connection with the multiple ionization of Kr and Xe [3] , this enhancement can be taken as an indication of the dominance of nonsequential double ionization. More recently, Ma et al. [4] studied the double ionization of C 2 H 4 and C 2 H 6 and concluded that these molecules undergo nonsequential double ionization even in the case of circularly polarized light. Unfortunately, the details of experimental setup and, more importantly, the method of calibrating the laser intensity were not provided. Therefore, their conclusions appear doubtful in contrast to the results of Cornaggia and Hering [2] . As it can be judged from the small number of publications on a subject dealing with a large set of molecules with varying structures, the studies have not been sufficient to conclude a generalized and quantitative trend in the dependency of the nonsequential ionization of hydrocarbons on the laser intensity. Interestingly, the corresponding formulation is already in place for rare gas atoms, which was established through experimental [5] and theoretical [6] studies. According to these results, the observed doubly charged ion signal of an atom A at the peak laser intensity I, S obs (A 2+ , I), can be calculated from the following relation:
where S PPT (A 2+ , I) is the sequential ion yield predicted by the PPT [7] or, equivalently, the Krainov models [8, 9] and the laser wavelength-dependent quantity α 12 is the ratio of neutral atoms that ionize through the direct nonsequential It is well known that the rate of the quasistatic tunneling process is satisfactorily given by the ADK formula [10] ; thus we approximated S QS−tunnelling (A + , I) with S ADk (A + , I). It should be noted that (1) does not specify the mechanism responsible for the nonsequential ionization. About ten years ago, after successfully fitting the experimental results on the nonsequential ionization of atoms by a rescattering based formalism in reference [6] , the rescattering mechanism appeared to be the mechanism responsible for the nonsequential ionization. In the case of nonsequential double ionization of molecules, the question of mechanism has not been settled. However, the shake-up excitation during optical ionization has recently been shown to account for the nonsequential ionization of D 2 [11] . More recently, Wu et al. [12] have attributed the double ionization of CH 4 to the electron rescattering.
It is plausible that a trend similar to the one predicted by relation (1) be applicable to the case of unsaturated organic molecules. This was explicitly demonstrated in our recent publication [13] in the case of benzene. We found that the double ionization of benzene interacting with linearly polarized Ti: Sapphire laser pulses occurs mainly through nonsequential processes. Benzene exhibits unusually large relative probability for nonsequential double ionization which was tentatively attributed to the suppression of multiphoton/tunnel ionization to singly charged ions. This is interesting when it is noted that a hydrocarbon molecule suffers a noticeable suppression of over one order of magnitude in ionization to singly charged ion [14] . Thus, a thorough examination of double ionization phenomenon in unsaturated organic molecules can be important for clarifying if there is interplay between the ionization suppression and the nonsequential ionization. We undertake such a study in this article by considering the laser-induced ionization of four molecules; C 2 H 2 , C 2 H 4 , C 3 H 6 , and C 5 NH 5 . Our selection has been based on the following reasons. All these molecules undergo suppressed ionization to the singly charged states. Furthermore, C 2 H 4 has been observed to undergo ionization suppression similar to C 5 NH 5 [15] noting that their ionization to singly charged ion can be described by employing the same value of the quantity Z eff [16] . This parameter is an empirically determined quantity that approximates the ionization suppression by assuming the tunneling of electron from a Z eff /r barrier instead of purely Coulombic barrier of 1/r used in the case of rare gas atoms. Despite the foretold similarity the geometry of the two molecules is vastly different to the level that remarkably different cross sections for the ionization by the rescattered electrons [17] are expected to influence the probability of double ionization. Indeed, any observed difference can be discussed by comparing with the case of C 3 H 6 , an asymmetric molecule, to verify if the structural symmetries influence the probability of double ionization or suppression. Finally, the case of C 2 H 2 with very strong C ≡ C bond will address the effects of bond strength.
Experimental Setup
The experimental setup has already been described in reference [5] . Briefly, a Ti: Sapphire laser system provides a train of 800-nm transform limited pulses having a fullwidth-at-half-maximum time duration of 45 fs. The linearly polarized pulses were focused using a lens with a focal length of 100 cm into a high vacuum chamber having a background pressure of 5 × 10 −9 Torr. Ion species were separated with a time-of-flight mass spectrometer and ion curves were produced by combining a series of intensity scans, each having a different fill pressure in the interaction chamber ranging from 10 −9 to 10 −5 Torr. In order to estimate the absolute peak intensity at the focal region we followed the technique employed in [13] : near the saturation region, the experimental result and ADK theory for He + signal in the Ti: sapphire laser field has an excellent overlap. We calibrated the absolute intensity based on a comparison with the saturation intensity predicted by the ADK formula using Helium in the vacuum chamber.
Experimental Results and Discussion
In the following sub-sections, information on the ionization potential of the studied neutral and singly charged ions will be needed for quantitative discussion of the results. Therefore, we summarize this information in Table 1 . We use these ionization potential data for theoretical calculation using the PPT model and the ADK model for all molecules. All this data are from electron impact ionization for the first ionization energy Ip (+) and the second ionization energy Ip (++) .
Pyridine (C 5 H 5 N).
The ion yield versus peak intensity plots of C 5 H 5 N + and C 5 H 5 N ++ along with four theoretically calculated curves are presented in Figure 1 . The data are more scattered than the corresponding data in the case of other species, which will be presented in the following subsections. This scattering is due to the fact that Pyridine is liquid and it is difficult to maintain a constant gas pressure in the interaction chamber during intensity scan.
Before discussing the details of these curves, we should clarify an important issue. The curve denoted by S PPT (C 5 H 5 N + ) in Figure 1 has been calculated by assuming a multiphoton/tunneling rate given by the PPT model with the effective charge acting on ionizing electron, Z eff , as a free parameter. This technique, evidently, is semiempirical in nature for the quantity Z eff includes the effects of parameters like the orbital structure of the molecule, orientation of the molecule with respect to laser polarization as well as charge distribution on atomic centers. Interestingly, this single quantity is sufficient to fit the experimentally observed ion yield with predictions of a theory intended for simple 1/r Columbic potential. This is the basis of approximating a complex polyatomic molecule with an atom like species. Here, we do not go in the details of the subject as there have been some justifications for the validity of this approximation in a paper by our group [18] . Recently, Uiterwaal et al. [19] , based on a new approach to intense-field ionization of atoms and molecules, haven shown that the apparent ionization suppression of some molecules are due to their lower single-photon absorption [22] cross-section compared to the case of atoms. Another interesting observation is that we found the same value of 0.78 for Z eff as reference [18] in the case of Benzene even though the pulse duration in our case is nearly 5 times shorter for Pyridine. The quantity S PPT (C 5 H 5 N + ) presents the total rate of the laser induced ionization disregarding the fact that this ionization occurs via one of the two possible channels: ionization by absorbing multiple photons or tunneling through a quasistatic barrier (solid line fitted to singly charge ion). The rate of tunneling process is given by S ADK (C 5 H 5 N + ) and Z eff = 0.78. Multiplying S ADK (C 5 H 5 N + ) by a factor α 12 = 0.02 a curve is obtained (dot line) that satisfactorily fits the observed signal of the doubly charged ions at intensities lower than the saturation intensity of the singly charged ions (1 × 10 14 W/cm 2 ). This is equivalent to saying that the ionization process leading to doubly charged ion at lower intensities is nonsequential in nature and follows relation 1. It should be mentioned that S ADK (C 5 H 5 N + ) was calculated by setting Z eff = 0.78. This value of Z eff was chosen since the saturation of nonsequential doubly charged signal (represented by α 12 S ADK (C 5 H 5 N + )) and the singly charged ion occurred at the same laser intensity.
At higher intensities the sequential double ionization, predicted by S PPT (C 5 H 5 N ++ ) (dash line) cannot find any experimental data to fit. In fact, only nonsequential ionization curve is almost sufficient to fit the data. At the high intensity end, the experimental signal is slightly higher than predicted by the nonsequential curve. This means that there is a little sequential ionization going on at higher intensity, but cannot be fitted by the full curve S obs (dashdot line), which is calculated according to relation 1. The latter overestimates the measured ion signal in the sequential part. The conclusion is that, similar to the case of rare gas atoms, relation 1 is able to predict the double ionization of Pyridine. The only difference is that an empirically determined Z eff must be used when calculating the ionization rates in PPT and ADK model. In addition, at higher intensity fragmentation dominates the interaction channel and most of the doubly charged ions do not survive. Therefore, the contribution of the sequential double ionization, predicted by the PPT model, is barely noticeable on the experimentally observed doubly charged ion. (C 3 H 6 ). The ion yield versus peak intensity plots of C 3 H + 6 and C 3 H ++ 6 along with four theoretically calculated curves are presented in Figure 2 . The curve denoted by S PPT (C 3 H + 6 ) in the Figure 2 has been calculated by setting the value of the effective charge, Z eff , at 0.78. Interestingly, this value is the same as in the case of Pyridine, indicating the details of molecular geometry do not affect the ionization probability to a measureable amount (solid line fitted to singly charge ion). Multiplying S ADK (C 3 H + 6 ) by a factor α 12 = 0.02 a curve is obtained that satisfactorily fits (dot line) the observed signal of the doubly charged ions at intensities lower than the saturation intensity of the singly charged ions (1.5 × 10 14 W/cm 2 ). This is very similar to the nonsequential ionization of Pyridine where the same α 12 = 0.02 was found; that is, their probabilities of nonsequential ionization are similar even though their shapes and symmetries are very different. At higher intensities, sequential double ionization, predicted by S PPT (C 3 H ++ 6 ), should dominate (dash line). As it can be seen, the experimental data indicates a continued increase of the doubly charged ions but fall short of following the S PPT (C 3 H ++ 6 ). This would mean that, unlike benzene and Pyridine, some sequential double ionization occurs before fragmentation. This is equivalent to saying that the ionization process leading to doubly charged ion at lower intensities is nonsequential in nature and in the higher intensity we have some sequential double ionization. The reason for the observation of this sequential ionization could be because it is more difficult to break (fragment) the molecule as compared to Pyridine and benzene in the same intensity range. However, this sequential ionization signal is lower than the predicted total signal shown by the curve S obs (dash-dot line) in Figure 2 , which is calculated according to relation (1). In conclusion, even though the shape and symmetries of Propene and Pyridine are very different, the probability of nonsequential double ionization is found to be similar. along with four theoretically calculated curves are presented in Figure 3 . The explanations of all theoretically calculated curves are the same as Pyridine and Propene. Since C 2 H ++ 4 and CH + 2 ions have identical mass to charge ratio, the observed ion signal at m/q = 14 is a combination of the two ion signals and one may argue that the ion yield plot of Figure 3 over estimates the amount of doubly charged ions. However, in what follows, by applying a fragmentation mechanism proposed by our group [15, 18] , it will show that the contribution of CH + 2 coming from the dissociation of the singly charged ion cannot exceed 10%.
Propene
According to the foretold fragmentation model, unsaturated hydrocarbons interacting with strong laser pulses fragment via a three step process. (a) An electron from an inner orbital of the molecule is ejected and results in a molecular ion in ro-vibrational levels of an excited electronic state; (b) the exited ion makes a rapid radiationless transition to the high-lying ro-vibrational levels of a lower electronic state; (c) the ion dissociates to different fragments through various fragmentation channels. Therefore, the abundance of a particular ionic fragment is determined by the ionization probability of the inner valance electrons. The appearance potential of CH + 2 ion, that is, the minimum energy needed to form the fragment from a neutral molecule in its ground state, has been measured to be 18.4 eV [23] . In the presence of laser field, this will be reduced by ΔE ≈ 0.5 FR, where R is the size of ion and F is the strength of the field [24] . For example at an intensity of 6 × 10 13 W/cm 2 and assuming the size of R ∼ 2 au, ΔE is around 1.1 eV. The value of ΔE at 6 × 10 14 W/cm 2 , the highest intensity at which we have performed the present experiment, amounts to 3.48 eV. Therefore the appearance potential in the intensity range of our experiments varies from 17.3 to 14.92 eV. By calculating the probability of inner-valence ionization and assuming that all ionized ions undergo dissociation process, we found that the theoretically estimated CH + 2 ion signal is at least one order of magnitude lower than the observed signal at m/q = 14. Therefore, we will equate this peak with doubly charged ion in lower intensity and nonsequential part. Of course, this statement is not true at higher intensities (I > 2 × 10 14 W/cm 2 ) where the fragmentation of doubly charged ions dominate the dissociation process. In this region if the second electron emerging from the molecular ion comes from breaking the (π C=C ) bond [25] Ion signal (Arbitrary Unit) C 2 H ++ 4 into C 2 H + 2 as discussed above. Thus, the probability of nonsequential double ionization of Ethylene is found to be similar to the two foretold molecules. But in the sequential part (high intensity region) there is some contribution of the fragmentation of molecular doubly charged ion in the sequential ion signal. (C 2 H 2 ) . The ion yield versus peak intensity plots of C 2 H + 2 and C 2 H ++ 2 along with three theoretically calculated curves are presented in Figure 4 . The explanation of all theoretically calculated curves is the same as Pyridine, Propene and ethylene. In this case of Acetylene, we have the same issue as Ethylene. Since C 2 H ++ 2 and CH + ions have identical mass to charge ratio, the observed ion signal at m/q = 13 is a combination of the two ion signals and one may argue that the ion yield plot of Figure 4 over estimates the amount of doubly charged ions. However, an argument similar to the case of Ethylene will show that the contribution of CH + on the observed ion peak in the nonsequential part cannot exceed 10%. The appearance potential of CH + ion from neutral C 2 H 2 has been measured to be 20.8 eV by electron impact [26] ; this should be compared to that of Ethylene which is 18.4 eV [19] . Indeed, similar to Cornaggia et al. [27] only two molecular ion components C 2 H + 2 and C 2 H ++ 2 could be seen in the mass spectrum. According to Cornaggia et al. [27] , the absence, or very weak contribution to the total ion signal, of molecular ion species such as C 2 H + and CH + 2 means that the fragmentation channels involving these ions are not produced during the laser interaction.
Acetylene
This in turn would mean that the probability of dissociation into CH + ion is low. This is understandable noting that two carbon atoms in C 2 H 2 are bound by a triple bound in contrast to double bound in C 2 H 4 . In this case Acetylene we found the α 12 = 0.02. We thus conclude that the probability of nonsequential double ionization of acetylene is found to be similar to the three foretold molecules. But in the sequential part, some sequential ionization occurs before fragmentation. The degree of sequential ionization seems to vary from molecule to molecule.
Conclusion
The ionization of four unsaturated organic molecules, C 5 NH 5 , C 3 H 6 , C 2 H 4 , and C 2 H 2 , interacting with strong linearly polarized Ti, Sapphire laser pulses, was studied. Two phenomena were observed. The first is that the probability of ionization to the singly charged ion is suppressed compare to fictitious atoms with the same ionization potentials. The degrees of suppression represented by the Z eff values are similar for all of them despite the differences in the molecular geometry. The second is that, similar to benzene, double ionization of these molecules occurs mainly through the nonsequential process. These molecules exhibit unusually large relative probability for nonsequential ionization which was attributed to the suppression of multiphoton/tunnel ionization to singly charged ions. In addition, it was observed that the probability of nonsequential double ionization is similar in these molecules as reflected by the similarity of the value α 12 in spite of the difference in molecular geometry.
